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Soil erosion involves four classes of factors:
1. Pedologic factors, 'including texture, structure, and whatever other characteristics of the soil are involved in erodibility.
2. Physiographic factors, particularly, slope, length of overland flow, surface roughness, depression storage, etc.
3. Hydrqlogic factors: rain intensity and duration, infiltration-capacity, and surface runoff characteristics.
4. Hydraulic factors. The physiographic and hydrologic factors operate indirectly. They govern the direct hydraulic factors or independent variables: depth and velocity of overland flow and type of overland flow. This paper is devoted to methods of determining the hydrologic and hydraulic factors. It is devoted in part largely to ways in which the hydrologist can supply the soil scientist with the data the latter needs in dealing with his part of the problem of erosion control. The occasion for the paper is the fact that at a large number of stations, runoff plat experiments • are being carried out ostensibly to supply data and fundamental laws and principles in the practical management of the soil on farms to control surface erosion. The usual layout at these stations includes a series of adjacent strips, sometimes twentyfive or thirty in number, often of two or three different lengths, but with the same, or nearly the same, slopes and soils. These strips are subjected to different crops and soil treatments. Tanks and flumes are provided for measuring the total runoff and total erosion. In some cases, recording gages are provided which give runoff intensity and furnish a basis for platting hydrographs. Recording runoff graphs should be provided in all cases. 2 Recording rain gages and, in some cases, instruments for measuring soil-moisture, are also maintained. It is only when recording gage records are available that hydrographs can be platted and the depth and velocity of overland flow determined.
In addition to the plats on which natural rainfall occurs many experiments are being carried out using rainfall simulators or artificial rainfall produced by a sprinkling device. Here again, recording runoff gages are needed to provide the basis for platting hydrographs and analyzing the data in a thoroughly scientific manner. As far as the author is aware no definite procedure for the analysis of these experimental data has thus far been formulated. It is the author's belief that the experimental plats, both strip plats and those with simulated rainfall, furnish the best possible means of establishing fundamental laws and principles governing both surface runoff and erosion, as well as for the determination of numerical factors and coefficients needed in applying these results to actual farm lands. In addition, rainfall and runoff records are taken on small drainage basins, usually adjacent to the experimental plats. Rainfall and, in general, the soil is the same but the length of overland flow and slope, and often the crop cover and method of cultivation, are different from those on the strips and plats. The small drainage basins afford a means of checking the results obtained from the experimental plats by application to natural areas.
The purpose of this paper is to describe methods for the analysis and interpretation of strip and plat experiments with a view to securing therefrom results of the utmost scientific value and to provide for the analysis of these experiment, as far aŝ -Consulting Hydraulic Engineer, Voorheesville, N. I. 2The members of this Society could furnish a valuable service by urging the equipment of all runoff tanks with recording runoff gages at stations with which they are connected or with which they are familiar.
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possible, on a uniform and rational basis. The necessity for uniform methods in the analysis of such data, collected from every state of the union, is obvious. The author believes that land use practices for erosion control, to be economically successful, must be founded on sound, hydrologic bases. Furthermore, while empirical methods have hitherto been largely utilized in the study of surface runoff problems, it now appears certain that all or nearly all phases of surface runoff•phenomena can be expressed rationally and quantitatively in terms of a few definite independent variables. As applied to the simplest case-that of an experimental plat with simulated rainfall of uniform intensitythese variables are:
1. Rain intensity i, inches per hour, and rainfall duration t e , hours.
2.. Infiltration-capacity f, inches per hour.
3. Length of overland flow^Q, feet. 4. Volume of depression storage V<j, inches depth. This is usually negligible except on flat areas.
5. Surface slope S. . 6. Surface condition and roughness, expressed by the Manning roughness factor n.
Defining rainfall excess as the part of the rain falling at intensities exceeding the infiltration-capacity f, the analysis of runoff from such a plat is based on the following facts:
1. The supply available to produce surface runoff-is the rainfall excess or the difference between rainfall and infiltration.
2. If the rain intensity is less than the infiltration-capacity, there is no rainfall excess and no surface runoff can occur.
3. Even with rainfall excess, no surface runoff can occur until the surface depressions, often extremely minute but often exceedingly numerous, are filled to overflow levels.
4. No runoff can occur unless there is surface detention, that is, water in transit on the ground surface toward an outlet.
5. For any given plat or area, with a given slope, roughness and length of overland flow, there is a definite functional relationship between runoff intensity and depth of surface detention. Overland flow is some type of hydraulic flow and, hence, the relation of depth of detention to rate of runoff can be expressed by a simple power function of the form q s = KgB M , where 8 is the depth, in inches, of surface detention along the stream margin, and q s the runoff intensity, in inches per hour, K s a constant dependent on the characteristics of the area, and M an exponent dependent on the type of overland flow. Overland flow may range from purely laminar flow (M = 3.0) for slight detention depths, to purely turbulent flow (M = 5/3) for smooth slopes. It may also be so subdivided by grass or vegetal matter as to produce a condition where the velocity of overland flow is sensibly constant (M = 1.0).
6. For a simple power function such as that representing the law of overland flow, pairs of values of q s and 8 plat as a straight line on logarithmic paper. Such values can be obtained from a hydrograph of a runoff plat experiment and permit the determination of K s and M, or the determination of the law of overland flow. 7. The equation of continuity or the storage equation applies to the relation between net supply (rainfall minus infiltration), surface detention, and surface runoff.
8. The law of overland flow and the storage equation combined suffice for the complete rational solution of the problem of surface runoff from an experimental plat with uniform rain intensity, and the same principles suffice for the solution of the problem of surface runoff from an experimental plat with natural rainfall.
These are the bases of the infiltration theory of.surface runoff as developed by the author. This theory has been described in previous papers and certain equations and examples given (l, 2, 3) . While the complete analytical treatment of the subject has been carried out and applied to numerous examples, it has, unfortunately, not yet been published. Space limitations prevent its being presented here. This paper is, therefore, suggestive rather than comprehensive. Discussion of the infiltration theory will be mainly confined to some phases of the analysis and interpretation of runoff plat experiments, which it is believed are of particular interest to soil scientists engaged in the study of surface erosion phenomena.
Consider first the simplest case, that of a simulated rainfall experiment with constant rain intensity and infiltration-3 As in case of flow in pipes and channels, for small changes to purely turbulent or mostly turbulent flow as from a hydrograph for extrmely slight detention depths v conditions for greater depths. depths andvelocities, the flow is usually laminar and the critical depth is passed. Hence, points derived ill not fall on the straight line representing the flow constant during the experiment. The dashed line on Figure 1 shows the observed runoff graph.
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It is evident that the supply available to produce surface runoff is the rainfall excess and the rate of supply, a = i -f.
The infiltration theory shows that the runoff intensity q s -.-a = i -f asymptotically -in fact, q s becomes sensibly equal to o in a moderate length of time. Hence, the infiltration-capacity f = i -o can be at once determined if the rainfall duration continues long enough.
By deriving the mass supply and mass runoff lines, the ordinates of the surface detention line.are obtained as intercepts between these lines. Corresponding pairs of ordinates on the detention line and runoff lines furnish the basis for determining the law of overland flow. If, as in this case, runoff does not begin for a time interval t(j after rain begins, the volume of depression storage can be approximately obtained by the formula
The analysis thus far yields five quantities: infiltration-capacity f, supply rate o, surface runoff coefficient K s , exponent M in the runoff equation, and the volume of depression storage V<j. The supply rate o is also the maximum possible runoff intensity for the given conditions. The determination of these quantities is the first step in the interpretation of runoff plat experiments. The process is the same whether the rain intensity is constant, as in case of simulated rainfall, or variable, as in case of runoff strips. In addition to these quantities the rain intensity i, the length of overland flow ? 0 , and the surface slope S are known. These ( data, while valuable, are not in themselves adequate as a basis for applying the results to other areas for the reason that, even if the soil is the same, the infiltration-capacity, length of overland flow, slope and surface condition, will ordinarily be different. ' In order to provide a basis for applying the results of such experiments to other areas it is necessary either to establish empirical relationships from experiments on plats with different lengths, slopes, surface conditions and with different rain intensities and infiltration-capacities, or else to establish the relationships between the variables i, f, 1 Q , S and the roughness factor n. The use of empirical relationships is undesirable and such relationships can seldom be safely applied outside the range of 4 In this instance a recording gage was not used, and the wavy line for the rising side of the hydrograph was quite certainly due to conditions of the experiment.
experimental data on which they are based. In the present instance the use of empirical relations is particularly undesirable because there are various pitfalls which may not be directly apparent in the data but which usually become apparent when the data are analyzed and compared on the basis of the physical processes involved, as expressed by the rational relations between the variables. Hence, it is not easy to be sure that empirical relations represent even what they are supposed to represent.
The analytical treatment of surface runoff from a rectangular plat for rising stages, with constant rain intensity and constant infiltration-capacity, is, in principle, extremely simple. Consider the case of 75fo turbulent flow. Then the law of overland flow is
where 6 is the depth of detention along the stream margin. Substituting in the storage equation: Inflow = Outflow + Gain or-Loss of storage, gives
where Y is the ratio of average depth of surface detention to depth along the stream margin. It can be shown that y is constant for a given type of flow which has become stable. Equation (1) 
These are the fundamental formulas for runoff YJith uniform rain intensity, and with i and f constant.
Similar analyses can be and have been• made for other types of flow, including laminar, 25% turbulent, 50$ turbulent and fully turbulent flow, and flow subdivided by grass cover. A comparison of the equations, and their graphs shows that the latter belong to a common family of curves differing with the values of K s and M. This suggests that all these graphs can be closely represented by a single general equation
This equation is strictly rational for turbulent flow (M = 2.00) and quasi-rational for other degrees of turbulence from 3b to 100$. Furthermore, the forms of the graphs are relatively insensitive to changes of M and K s . For example, if M in a given case is 2.4 and K s = 24.0, then M = £.00 will, with the appropriate coefficient K s , give nearly the same curve. Hence, the simple equation (6) can be applied in most (but not all) cases with little error. The computation of graphs by equation (6) is easily carried out by the aid of tables of hyperbolic tangents. One of the uses of equations (6) and (8) is to provide a standard of comparison of observed hydrographs for the determination of the reasons for their differences. Appreciable differences will be found between different hydrographs for the same plat, with the same rain intensity. These differences may result from several causes:
1. The infiltration-capacity may vary during the experiment, especially at the start. For eastern soils, if initially dry or sun-checked, the infiltration-capacity usually decreases rapidly at the start, attaining a constant value after a little time. For some volcanic soils and soils on the Great Plains, there is evidence of a relatively small increase of infiltration-capacity during the progress of an experiment. This apparently results from the washing away of fine dust which has accumulated on the soil surface. If other conditions remain constant, change of infiltration-capacity is accurately reflected in the difference between the observed and computed hydrographs.
2. If heavy soil erosion occurs there may be-a change in the surface roughness. This is also reflected in the form of the hydrograph and, if the infiltration-capacity is known, can be detected by comparison with observed and computed graphs. Both change of infiltration-capacity and change of rough-, ness may occur together. In that case it is desirable to determine the change of infiltration-capacity by an independent pan or ring experiment.
3. For newly cultivated soils a breaking down of divides between depressions may occur, more or less abruptly releasing part of the depression storage at some point in the experiment and producing a correspondingly abrupt increase of surface runoff.
4. For steep slopes and high rain intensities the runoff may be of the bore type or may occur in the form of a rain wave train. In one experiment at Colorado Springs the author observed bore flow on one side and normal flow on the other side of a runoff plat. Bore flow is easily detected by the abrupt front of the hydrograph and by the fact that the value of the exponent M comes out very high. In general, if the value of the exponent M exceeds 3.00 it affords evidence of the occurrence of bore flow.
While equations (6) and (8) involve the relationships of all the variables governing surface runoff, some of these variables do not appear explicitly but are involved in the coefficient K s . This is true of slope, roughness and length of overland flow, and percentage of turbulence.
Thus far the coefficient K s has been considered only as a factor to be derived experimentally. It can easily be expressed in terms of the variables S, 1 0 , and n in case of fully turbulent flow.
For overland or sheet flow the hydraulic radius equals the depth, and for turbulent flow, on a strip of unit width, the Manning formula gives, for 5 in inches: Hence, the roughness factor for flow which is not fully turbulent may be represented as the product of n and the fraction of turbulence. Since M = 5.00 for laminar and 5/3 for fully turbulent flow, the fraction of turbulence I is given by I=f (3.0 -M) .
5 Roughness may, however, decrease the velocity of laminar flow by increasing the distance travelled by a particle of water between two points, as it follows the rugosities of the surface instead of following a straight line.
Substituting In for n in equation (12) Now if it is required to determine the hydrograph' for any given area with one or more of the factors different from those of the experiment, the appropriate value of K s can be computed and applied in equation (8). In this way a rational basis of extending the results of runoff plat experiments to other areas and applying them to other conditions than those of the experiment, is obtained. It will be noted that K s varies inversely as Z 0 . Also, from equation (7), q s increases, though not uniformly, as K increases. Hence, both the runoff intensity and the total runoff, other things equal, decrease as the length of overland flow increases. This fact has been several times observed and different explanations offered, none of which is satisfactory or general. It will be seen that it is a natural consequence of the laws governing overland flow. An important result which follows is that if a long slope is broken up by terracing into a series of shorter slopes, the total runoff will be increased and, pari passu, the total infiltration to the soil will be decreased. Thus terracing, to a certain extent, tends to defeat its own objective. The variation of runoff with length of overland flow should be taken into consideration in determining the optimum width of terraces.
It is not the purpose here to discuss in detail the application of runoff plat or runoff strip experiments to agricultural field practice but rather to outline the problem and methods of procedure which will lead to reliable results. The statement has sometimes been made that it is doubtful if the results of runoff plat experiments can reliably be applied to larger areas. The author believes that the infiltration theory of surface runoff negatives such statements. This theory is far beyond the hypothesis stage. Ordinary tests of a theory are: (l) It should conform to observed facts; (2) It should predict or explain phenomena not hitherto observed or, if observed, hot satisfactorily explained. The infiltration theory apparently does both.
Soil physicists are perhaps more interested in erosion control than in direct surface runoff control. Some consideration will be given to procedures in adapting the results of runoff plat experiments to erosion control. It may be noted here that skepticism regarding the applicability of the results of plat experiments to practical problems of land use may have arisen from a misconception of the areal units involved. The natural unit in erosion control is not the entire drainage basin but one or a part of one of the primary meshes or subareas.
A drainage basin may be. considered as being divided by the drainage net into a series of meshes or subareas. There are twoone on each side of every first order tributary-and one between each two stream junctions on the same side of the stream. In this way, if one imagines the stream tips extended to the watershed line, the drainage basin is divided into meshes each of which fronts on the stream which receives the entire drainage from within the mesh. A small drainage basin divided into meshes in this way is shown on There may be wide differences between meshes or subareas in a given drainage basin, but in a given subarea the slope is always in the same general direction and usually more or less uniform. Variations in soil, infiltration-capacity, surface runoff, and surface condition are also much less than for the drainage basin as a whole, although, of course, cases may occur where ' part of a given subarea is in forest and •part cultivated. There is a close relationship between the size and dimensions of the subareas and the physiographic characteristics of the drainage basin-in fact, the base lengths and mean width and average length of overland flow on a subarea can be expressed in terms of drainage density and average stream length. It can readily be shown that, because of the variation of runoff with length of overland flow, both the runoff intensity and the total surface runoff from a triangular subarea are, other things equal, a few per cent less than that from a rectangular area with the same base or frontage along the stream and with a constant Width equal to the average width of the triangular area. Hence, if the results of runoff plat experiments are applied to a given subarea, using the average length of overland flow, the error will be on the side of safety and greater protection will be provided than the computed flows indicate. It will be seen that while conditions over an entire drainage basin cannot safely be averaged in designing runoff control or erosion control, the results of plat experiments can often-in fact, generally-be applied to a subare.a or portions thereof in such a way as to give results which are definite and reliable.
Another important question in the application of runoff plat experiments to field conditions is that of the storm intensity and duration for which the works are to be designed. To completely control erosion in the maximum possible storm may be economically unjustifiable because of the rarity of such storms. It is certainly true that on most areas there is a certain minimum supply rate or a certain minimum rain intensity, provided the infiltration-capacity is constant, which will produce surface erosion. This minimum supply rate is not the same for plats of different widths or with different lengths of overland flow, other things equal. While not so far noticed, so far as the author is aware, there is for each locality some particular storm type which, by virtue of its intensity, duration and frequency, produces a larger portion of the total surface runoff and pari passu a larger portion of the total soil erosion than any other type of storm. This may be called the "critical" storm. It may be noted that storms of less than the critical intensity will, in spite of their frequency and long duration, produce little or no rainfall excess and, hence, little runoff and erosion.
Storms of higher intensity, because of their infrequence and shorter duration, produce a smaller portion of the total annual surface runoff than the critical storm-in fact, the law of diminishing returns applies to annual soil erosion as the rain intensity considered increases. It is probable that erosion control works should in general be designed to prevent erosion during storms of the critical intensity or of some intensity lying between the critical and the maximum intensity, depending on the economics of the situation.
The author has elsewhere pointed out that the total surface runoff, excepting on flat areas where depression storage is large, is closely approximated by the rainfall excess. The ratio of total surface runoff to rainfall excess in individual storms is usually between 90% and 110$. The larger figure may be considerably exceeded in some storms with "long-continued residual rainfall after rainfall excess ends but this case is not likely to be important in relation to soil erosion.
Knowing the infiltration-capacity of an area and having a record of hourly rainfall, such as kept at regular U. S. Weather Bureau stations, it is not difficult to set up a table showing the relative amounts of surface runoff produced by storms of different intensities proceeding from zero to the maximum. The relative frequencies of storms in the different intensity groups can also be shown. Such a table provides a rational, sound basis so far as rainfall is concerned for erosion control design. With it, the relative cost of control works which will provide different degrees of effectiveness in erosion control can be determined.
In order to determine the effectiveness of erosion control it is necessary to express the erosion rates for a given soil in terms of hydraulic or hydrologic factors. This has not hitherto been done. Because it involves both hydraulic factors and also factors dependent on soil physics which are not readily reducible to a quantitative basis, the relation between rain intensity or surface runoff and the resulting soil erosion presents probably the most difficult problem in the whole field of soil erosion. The following is a suggested line of approach to the solution of this problem, based on the use of runoff plat experiments and the infiltration theory of surface runoff.
The method consists in separately evaluating the hydraulic factors affecting erosion so that the measured erosion rates can be patted or studied directly in terms of the independent hydraulic variables. In order to apply this method it is necessary to know not only the total erosion during the experiment but the critical distance x c from the head of the plat or the watershed line at which erosion begins. This distance Xg will differ in different storm intensities on the same plat.
8
The total volume of erosion in the part of the plat on which erosion occurs, that is, from x to the outlet, is, then, a function of (1) soil factors, (g) duration of runoff, (3) average depth of surface detention on the eroded area, (4) average velocity of overland flow on the eroded area, (5) type of overland flow.
Laminar flow can roll or shove soil particles but cannot hold them in permanent suspension. Hence, the rate of erosion is apparently a function of the percentage of the turbulence in the overland flow.
The type of flow can be determined from the hydrograph. The evaluation of the depth and mean velocity of overland flow in the erosion belt can be obtained as follows. If the rate of flow past a cross section at a distance x from the head of the plat, Figure 3a , is expressed in terms of inches depth on the entire area per unit time, then for steady flow conditions:
_ " fM _ . X and (17) This is the equation of the profile of the surface detention for steady flow conditions with no depression storage.
With depression storage, . Figure 3b . Let d be the depth of detention above depression outlet levels. Then
Since the flow moves through the depressions, the depth of flow is the depth of depression storage V<j plus the depth of surface detention d x above the depression outlet levels, and
The total depth of detention 6 X is the same as with no depression storage. The profile of overland flow for steady conditions is always a parabolic curve with the exponent 1/M with the origin at the ground level at the watershed line. At the channel margin x = 0 and Kf I-------- (80) Since the detention profiles are parabolic, the ratio Y °f the average detention depth over the area to the depth along the channel margin is Inclusion of measurements of x c in connection with all plat and strip experiments which produce erosion cannot be too strongly recommended.
Since, for given conditions, all terms in the equations for v x are constant excepting x,
The value of y as above determined applies to conditions of steady flow. In long, steady storms, equilibrium conditions may be closely approached early in the course of runoff. In general, the depth of surface detention increases rapidly at the start, soon attaining a value not far from its maximum, and thereafter its variations are so slow that the profile forms will closely approximate those for equilibrium conditions, and since a considerable change of profile form may occur without great change in y, it appears that the assumption that y is constant during rising stages cannot be seriously in error.
Hydrograph analysis provides a means of determining directly from runoff plat experiments, and even from larger areas, the law governing the velocity of overland flow during surface runoff. Given this law, the variation and distribution of velocity over an area can also be determined. Since laminar flow produces little or no surface erosion, velocity profiles will be considered only for the cases of turbulent flow and 75fo turbulent flow. Consider, first, long storms where q becomes sensibly equal to o. 
In general, therefore, the velocity profile is parabolic. The mean velocity from x = 0 to x is
It is not, however, the average velocity in the total length Z 0 which determines the amount of soil erosion but the average velocity in that portion of the velocity pro-. file in which the velocity exceeds the least value v c competent to produce erosion.
Let Vg V be the mean velocity in the erosion belt extending from x_ to Z 0 -Then (30) and (31) provide a simple, practical and rational basis for comparing the rate of erosion in field experiments with the hydrologic conditions producing erosion.
The practical application of these equations may be somewhat as follows. Suppose that in a given strip or runoff plat experiment, the total volume of. soil erosion is known, expressed either in volume or weight of solids removed from the soil surface. If the length of the belt in which erosion occurs is known, and the time at which erosion began, then, from this and the known time of ending of rainfall and runoff, the average rate of soil removal per square foot per hour can be closely approximated. This unit rate of erosion can then be platted for different experiments on the same soil in terms of depth and velocity of overland flow. With sufficient experiments it should be possible to determine an actual erosion constant for the soil,, expressing the erosion per square foot per hour for' some fixed depth and velocity of overland flow which come within the range of these quantities which prpduce erosion. If or when this can be done it will become possible to compare the erodability of different soils, or of the same soil with different surface treatments, on a basis in which the only variants are the physical characteristics of the soil and its surface condition. In this study, as in the study of surface runoff, pitfalls and special conditions will arise, as, for example, excess erosion from the breaking down of divides or from conditions where gullying instead of sheet erosion occurs. The author believes that the procedure outlined will be a vast improvement over existing attempts to compare total quantities of erosion with total annual rainfall or total runoff.
If v c is the velocity required to produce soil erosion, then, substituting v c for v in equation (27) Thus, for 75$ turbulent flow (M = 2.0), the distance from the watershed line at which erosion begins appear to vary as the cube of the velocity required or competent to produce erosion. There is reason to believe that the velocity competent to produce erosion depends also on the depth of overland flow. In accordance with the well-known DuBoys equation, the tractive force per square foot of channel bed for equilibrium flow is For w = weight of fluid and suspended material, in pounds per cubic foot, and 6 in inches, this gives F 0 in pounds per square foot of ground surface. This'equation has been criticized on various grounds. It seems certain that energy is expended at the base of a column of water flowing in equilibrium at a rate equal to F 0 Vb, where v^ is not the mean but the bottom velocity. This energy is, for the most part, expended not in tearing up soil in case of overland flow but in converting kinetic energy of translation into kinetic energy of eddy or vortex motion, which, in turn, is converted into heat by viscous resistance within the body of the fluid. The energy expended in producing erosion is evidently some fraction of the total energy expended, and hence varies with the velocity and depth. It follows that the distance x. c from the watershed line at which erosion begins is not constant for a given area but is a function of K s and K vs and so varies with the rain intensity and infiltration-capacity, decreasing as i increases or as f decreases.
